Motion of an inclined plate supported by a two-dimensional sessile drop on a second plate is studied in the inertialess approximation. It is shown that the upper plate can be equilibrated horizontally, parallel to the lower plate supporting the drop, when the Bond number exceeds a certain threshold value. The dependence of this threshold value on the parameters of the plate and liquid is found and discussed. Small oscillations of the plate near its equilibrium horizontal position on top of the drop are investigated analytically in the case of low liquid viscosity. The periods of the vertical ͑translational͒ and angular oscillations are determined. Comparison with experimental data demonstrates reasonable agreement between the characteristic times of the process predicted analytically and observed experimentally.
I. INTRODUCTION
A growing number of designs in optoelectronics and MEMS require alignment of matched components during the assembly process. Soldering is a common choice for assembly, enabling connecting and maintaining hundreds of precision alignments through a batch process in a cost-effective way. 1 In addition to providing electrical connections, solder is useful in the formation of passive, precision self-alignment for the mating components. It can be used to couple optical fibers, or waveguide to devices such as laser, or photodetectors, and used to package 3-D microsystems. 2 The alignment can vary from submicron to micron level. The mechanism of solder self-alignment can be visualized by considering two plates ͑e.g., chips͒ with a sessile drop of molten solder between them. If the lower plate is horizontal and fixed, then the upper plate movement is driven by gravity, capillary and viscous forces ͑the contribution of the minor effects of wettability can also be accounted for͒. Intuitively, it is clear that when the liquid viscosity is sufficiently high and the mass of the upper chip not very large, it can be equilibrated horizontally, parallel to the lower plate, with its position locked by cooling of the solder joint. Quantitative characterization of the solder joint formation was carried out in Refs. 3-5, in terms of the minimum energy of the joint in a quasistationary situation. Static shapes of axisymmetric solder connections were calculated in Ref. 6 accounting for the surface tension, external, and gravitational forces. In Refs. 7 and 8 static non-axisymmetric three-dimensional solder joints were predicted.
While it is obvious that the joint quickly acquires a quasi-stationary character under the effect of gravity and surface tension, its subsequent evolution depends strongly on the detailed initial shape of the free surface and the ratio between the plate inertia and the viscous forces acting on it.
In certain cases instability of the tilted upper plate can set in, and in other cases the stabilization time is rather long, characteristics that are critical in controlling the alignment process. The authors are unaware of previous works addressing solder drop dynamical problems related to the motion of a freely moving upper plate which was initially tilted. Experiments aimed for investigation of the moving contact line of a liquid droplet squeezed between two parallel plates, 9 in a sense, can be considered as a situation distantly kindred to the dynamical problems for solder drops.
The aim of the present work is to provide insight into the alignment mechanism, namely, the motion of the tilted upper plate after it has been placed initially over the solder drop, within the context of a two-dimensional problem. The conditions under which equilibration can be achieved are determined for different values of the parameters characterizing the plate and liquid. The stability of this equilibrium is studied analytically in the case of low liquid viscosity. The problem is formulated in Sec. II, dimensionless parameters are introduced in Sec. III, numerical results are presented in Sec. IV, linear stability and small oscillations near the horizontal equilibrium state are treated in Sec. V, comparison with experimental evidence is presented in Sec. VI, and conclusions are drawn in Sec. VII.
II. FORMULATION OF THE PROBLEM AND NUMERICAL IMPLEMENTATION
Consider a two-dimensional sessile drop of an incompressible viscous liquid, on top of which an inclined plate is placed at time tϭ0 ͓cf. Fig. 1͑a͔͒ . After that the system evolves mainly under the action of gravity and of capillary and viscous forces. We shall examine the time evolution of the drop and the corresponding motion of the upper plate. Let us estimate the characteristic Reynolds number for this problem. If we take the liquid density ϭ10 g/cm 3 , the viscosity ϭ10 g/cm s, the characteristic length scale h 0 ϭ0.1 cm and the characteristic velocity V 0 ϭ1 cm/s, then the Reynolds number is a͒ Author to whom correspondence should be addressed. Electronic mail: meralya@yarin.technion.ac.il
which characterizes the present experiments with molten solder droplets ͑cf. Sec. VI͒. In typical microfabrication applications V 0 р1 cm/s and h 0 Ӎ10 Ϫ4 cm, which means that Re р10 Ϫ4 . Using the characteristic time scale Tϭh 0 /V 0 , the ratio of the nonstationary term in the Navier-Stokes equations to the viscous ones, ␥ϭh 0 2 /(T), is of the order of Re.
The above estimates enable us to disregard the minor inertial effects, and to consider the problem in the framework of the creeping flow approximation. The Stokes equations read
where the velocity vector uϭ(u x ,u y ) ͑u x , u y being its x and y-components͒, p is the pressure, is the density, and g is gravity acceleration.
The dynamic boundary conditions at the drop surface consist of vanishing of the tangential stresses and normal stress balance accounting for the effect of surface tension, namely,
where f is the force acting at the liquid surface; ⌸ ik are the components of the stress tensor; n and are the unit normal and tangent vectors at the surface; is the surface curvature; and is the surface tension coefficient.
The kinematic boundary condition at the surface reads
where r i is the radius vector of the ith material point at the surface at time t. Solution of Eq. ͑8͒ is subject to the initial condition
where r i 0 is the initial position vector (tϭ0) of the ith point. The no-slip boundary conditions at the lower plate AB(yϭ0) and upper plate CD ͓see Fig. 1͑a͔͒ 
where r cm , u cm are the radius vector and velocity of the center of mass of the plate ͓located on the z-axis normal to the x and y-axes of Fig. 1͑a͔͒ , is its inclination angle relative to the horizon, is the magnitude of the angular velocity, ϭ e z ͑e z is the unit vector͒, F is the force exerted on the plate by the drop, and M z is the out-of-plane component of the moment of this force. The velocity U(r) is related to r cm , u cm and as per
Uϭu cm ϩϫ͑rϪr cm ͒, rCD. ͑16͒
The force F and the moment M z are
where sϭ͉rϪr cm ͉, and L is the length of the plate in the z-direction. Equations ͑8͒ and ͑12͒-͑15͒ can be solved numerically using the Kutta-Merson method, provided the values u(r i ), F, and M z are known for any given moment of time. The latter are found from the Stokes equations ͑2͒ and ͑3͒ with the boundary conditions ͑4͒, ͑5͒ and ͑10͒, ͑11͒.
To solve Eqs. ͑2͒ and ͑3͒, we express the pressure in two parts as per pϭϪgyϩ p . ͑19͒
The equations then become equivalent to the set of the following integral equations convenient for numerical integration:
͑20͒
where the second integral is evaluated in the principal value sense, and
͑22͒
It is emphasized that f i (x) over the free surface ⌫ is given by ͑4͒, ͑5͒, ͑19͒ and ͑21͒. The kernels G i j and T i jk are given by
͑23͒
T i jk ͑ x,x 0 ͒ϭϪ 1
where x i ϭx i Ϫx 0i , rϭ͉xϪx 0 ͉ ͑points x and x 0 being located at the boundary of the liquid volume ⌫͒, and c i j is a matrix with elements depending on the corner angle of the boundary curve ⌫ at point x 0 ͑the boundary is not necessarily supposed to be a Lyapunov curve͒. From ͑19͒, ͑21͒, ͑22͒ and ͑6͒ it follows that fϭ fϩgyn. ͑24͒
Substituting ͑24͒ in ͑4͒ and ͑5͒ we obtain the boundary conditions at the free surface in the form f n ϭϪgy, f ϭ0. ͑25͒
In the general case the contact lines A, B, C and D can move over the plates partly due to wetting. Wetting is related to the molecular London-van der Waals forces, which become significant in the vicinity of the contact lines. Singularities of stresses and vorticity at the contact line appear when the no-slip conditions ͑10͒ and ͑11͒ are implemented. 11 To remove these singularities, various models were proposed. In Refs. 12 and 13 the slip model was used and the force acting on the plate was calculated for some simple cases. It was shown that for a sufficiently large contact area between the liquid and the plate, the relative contribution of the vicinity of the contact lines to the total force is small. The wetting velocities are determined by the action of the London-van der Waals forces in that region, and are very small in comparison with the macroscopic velocities of the problem. 9, 14 Indeed, according to Refs. 9 and 14, the velocity of the contact line is expected to be less than 0.01/. On the other hand, the velocity scale in the present problem is of the order of /. Since a sufficiently strong macroscopic flow is only slightly affected by the contact line motion, we shall use for simplicity the no-slip boundary conditions ͑10͒ and ͑11͒ at the contact lines, as though they were temporarily fixed. Actually, the wettability effects can become significant only at the very end, after the macroscopic motion has been attenuated. When any of the contact angles becomes equal to , the points of the free liquid surface near it have moved towards the plate and should adhere to it, in which case rolling motion sets in near that contact line. During the rolling motion the velocity of the contact line relative to the plate is independent of the molecular processes and fully governed by the external macroscopic flow. Note that the stress singularity at the contact line is absent in this case in spite of the no-slip boundary conditions.
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Equation ͑20͒ is solved using the boundary element method ͑BEM͒ described in detail in Refs. 10 and 15. To solve ͑20͒ numerically, we used a code based on BEACON of Ref. 15 , originally developed for 2D elastostatic problems and modified for the present low Reynolds number hydrodynamic case. After the velocity at the free surface u and values of F, and M z are found from ͑20͒, ͑17͒ and ͑18͒ at each time step, the set ͑8͒-͑15͒ is integrated to follow the time evolution of the free surface and the motion of the upper plate. To describe numerically the evolution of the free surface at the rolling stage, the nodes should be redistributed at each time step. If at some moment of time nodes of the free surface near a contact line impinge on the plate, they should be discarded and a new position of the contact line determined as the intersection between the surface and the plate. After that, new nodes are set with fine resolution near the new contact line, and the subsequent time step is executed. When the time step is sufficiently small, the contact angle is close to under this regime of motion and volume is approximately conserved. Accuracy of the calculations ͑e.g., in the terms of volume conservation in the drop͒ is guaranteed if the nodes are densely distributed over the sections of the boundary, where the maximal temporal and spatial rates of change of the unknown variables ͑the velocity, or the forces acting on the drop͒ are expected. In the present case such changes are expected near the corner points A, B, C and D ͓cf. Fig. 1͑a͔͒ . An example of the node distribution at tϭ0 is shown in Fig.  1͑b͒ corresponding to the cases studied below in Fig. 2 . In the test case corresponding to Figs. 2͑b͒ and 2͑d͒ discussed in Sec. IV, volume conservation in the numerical calculations was guaranteed with the accuracy of about 0.5%. Using this algorithm, one can proceed with the calculations up to an arbitrary moment of time.
To begin the calculations, initial conditions should be specified, determining the initial positions of the free surface and the upper plate, and the initial values of the velocity of the plate center of mass, as well as its angular velocity
We assume u cm 0 ϭ0, 0 ϭ0, so as to exclude transient adjustments of the plate and drop motion. For simplicity we also suppose that initially the center of mass of the upper plate is located in the middle of its segment CD ͓see Fig. 1͑a͒ , where aϭb at tϭ0 only͔. The shape of the free liquid surface at tϭ0 can be arbitrary, but will obviously adjust itself quickly to a quasi-stationary one under the effect of surface tension. Then the subsequent evolution will not depend strongly on the detailed initial shape of the free surface ͑cf. Sec. IV͒. The capillary pressures at the edges of the upper plate play an important role in its motion, depending on the radii of curvature of the free surface near the contact lines which are assumed to differ initially between the left-and right-hand sides of the surface, namely r 1 Ͻr 2 ͓see Fig. 1͑a͔͒ . Accordingly a stabilizing moment of capillary pressure sets in at t ϭ0, pulling the inclined upper plate back to a horizontal orientation.
III. DIMENSIONLESS PARAMETERS
Introduce the following dimensionless variables,
where the length scale h 0 is the distance between the center of the circle corresponding to the right free surface of the drop at tϭ0 and the lower plate ͓cf. Fig. 1͑a͔͒ , the velocity scale V 0 ϭ/, and the time scale T 0 ϭh 0 /. The dimensionless dynamic boundary conditions ͑4͒ and ͑5͒ at the free surface take the form f"nϭ, ͑28͒
f"ϭ0. ͑29͒
͑Here and hereinafter the primes over dimensionless parameters are dropped for brevity.͒ The modified force and stress tensor take the forms
͑31͒
The dimensionless kinematic boundary conditions at the drop surface and at the plates are still given by ͑8͒, ͑10͒, and ͑11͒. Equations ͑12͒-͑15͒ take the forms
where FIG. 2. Evolution of the drop surface and the corresponding upper plate motion found numerically. ͑a͒ Boϭ1, Caϭ1, Qϭ1, time interval between the curves is ᭝tϭ3; bϪBoϭ2, Caϭ1, Qϭ1, ᭝tϭ1. In this case the evolution from the initial shape 1 is shown. The dashed line 1Ј shows another initial shape studied ͓cf. curves 3 and 3Ј in Fig. 3͑a͔͒ ; cϪBoϭ2, Caϭ1, Qϭ5, ᭝tϭ1; dϪBoϭ3, Caϭ1, Qϭ5, ᭝tϭ1; eϪBoϭ1.5, Ca ϭ10, Qϭ1, ᭝tϭ0.5. In all the cases l 0 /h 0 ϭ10.
The parameter I denotes the dimensionless moment of inertia of the plate. In the present case of a thin plate
where l 0 is the plate half-width. Also
characterizes the relation between the viscous dissipation losses and the characteristic kinetic energy of the plate. Note that if the viscous effects are dominant, the characteristic velocity of the plate motion is of the order of V 0 .
The parameter:
characterizes the relation between the plate weight and the capillary forces. We also use the following dimensionless parameters:
where Vϭͱgh 0 is the characteristic velocity of the upper plate in the case where plate inertia plays the main role. The parameter Q characterizes the relation between the plate weight and the viscous force acting on it. Ca is the capillary number, based on V. Bo is the Bond number characterizing the ratio between the drop weight and the capillary forces. The dimensionless parameters ␤ and R are related to Q and Ca as per
The dimensionless integral equation and kernels are still given by ͑20͒ with replaced by 1.
IV. NUMERICAL RESULTS
The time evolution of the free surface of liquid found numerically for l 0 /h 0 ϭ10 and different values of Bo, Ca and Q is illustrated in Figs. 2͑a͒-2͑e͒ . It is clearly seen that the initially inclined upper plate always tends to a horizontal orientation under the stabilizing effect of the surface tension. Some examples of the dependences of the angle between the plates on time are shown in Figs. 3͑a͒-3͑c͒ .
From Figs. 2͑a͒-2͑d͒ we see that for the case Qу1, Caр1 ͑or ␤р1, Rϳ1͒, when the plate inertia effects outweigh the viscous forces acting on it, the upper plate moves downwards at the initial stage of the process, squeezes the drop, and approaches a horizontal position. The angle decreases for all the values of Bo considered, due to the stabilizing effect of the moment of the capillary pressure forces acting on the plate. The characteristic value of the acceleration of the plate in its translational vertical motion is much larger than the angular acceleration at this stage, and the distance between the plates approaches its equilibrium value ͓see Fig. 2͑d͔͒ .
After this initial equilibration squeezing stage, two scenarios are possible. In the first, the absolute values of the angle between the plates, as well as the horizontal velocity of the plate, tend to zero as t→ϱ. The corresponding dependence (t) is nonmonotonic ͓see Fig. 3͑a͒, curves 2-4͔ . Also, the vertical velocity of the center of mass becomes close to zero as t→ϱ. It should be noted that a particular initial shape of the free surface has a minor effect on the upper plate motion. Indeed, both initial shapes of the free surface depicted in Fig. 2͑b͒ ͑curve 1 corresponding to a circlar arc, and 1Ј corresponding to a noncircular configuration͒ lead to a very close evolution of the inclination of the upper plate ͓curves 3 and 3Ј in Fig. 3͑a͔͒ . This is due to the fact that the characteristic times of the plate motion in the angular and vertical directions Ϫ1 and Ϫ1 , given by Eqs. ͑71͒ and ͑72͒ to follow, are much larger than the characteristic time of the free surface evolution under the action of the surface tension and viscosity h 0 /.
In the second scenario, the angle approaches its minimal value at some moment of time and then increases once more ͓curves 1 in Figs. 3͑a͒ and 3͑b͔͒ . The horizontal velocity of the center of mass also increases as t→ϱ in these cases ͑cf. curve 1 in Fig. 4͒ . It appears that the horizontal equilibrium orientation of the upper plate is unstable and at the end the plate separates from the drop and sinks. A threshold value of the Bond number Bo cr exists, such that for Bo ϾBo cr the first scenario is realized, and for BoϽBo cr the second is realized. This threshold value depends on the parameters Ca and Q ͑or on ␤ and R͒ and also on the initial conditions. For example, Bo cr Ϸ1.5 for Caϭ1 and Qϭ1 ͓see Fig. 3͑a͔͒ , Bo cr Ϸ3 for Caϭ1 and Qϭ5 ͓see Fig. 3͑b͔͒ . Thus, the threshold value of the Bond number ͑or liquid density͒ increases with Q ͑mass of the plate͒ for a fixed value of Ca ͑related to the liquid viscosity and surface tension͒.
The above can be explained by the following qualitative reasoning. The upper plate moves under the action of gravity and the force F exerted on it by the drop. The instability of the horizontal equilibrium position is due to the horizontal component of this force, which repels the plate from the drop, producing a destabilizing moment. The normal-to-theplate component of the force, F n , is related to the capillary pressure, and at near-equilibrium F n ϳmg. Using ͑18͒, ͑19͒ and ͑25͒ we obtain
where ␦ϭbϪa and a 0 ϭ(aϩb)/2 ͓see Fig. 1͑a͔͒ In the case Caу1 and Qр1 ͑or ␤у1 and Rϳ1͒, with the viscous effects playing an important role, the characteristic value of the acceleration in the vertical translation mo- tion becomes much smaller than its angular counterpart after a short initial period. When the equilibrium horizontal state appears to be stable, the upper plate first settles parallel to the lower one, then moves downwards to the equilibrium state. The dependence (t) is monotonic ͓see Fig. 3͑c͔͒ , and the horizontal displacement of the center of mass is small ͓see Fig. 2͑e͔͒ . By contrast, when the equilibrium horizontal state appears to be unstable, the dependence u x, cm (t) attains a maximum and a minimum at certain moments of time ͑see curve 1 in Fig. 4͒. As t→ϱ, u x, cm and u 
V. ANALYSIS OF LINEAR STABILITY AND SMALL OSCILLATIONS NEAR THE HORIZONTAL EQUILIBRIUM STATE
The case of small inclination angles Ӷ1 near the horizon permits analytical consideration. The viscous friction forces between the lower plate and the drop are small and the overall horizontal component of the momentum of the drop and the upper plate should be conserved ͑actually equal to zero, if it has been zero at tϭ0͒. Horizontal motion of the system center of mass is thus ruled out, namely
where x d, cm is the horizontal coordinate of the drop center of mass, and m d is the drop mass. Suppose for simplicity that m d Ӷm, as it was in the present experiment discussed in Sec. VI. From ͑50͒ it follows that the horizontal position of the center of mass is approximately fixed, x cm ϭ0. Thus, the plate on top of the drop can only oscillate vertically near the equilibrium state y cm ϭy e and also swing about the out-of-plane axis z.
Let us estimate the characteristic times of the vertical and angular oscillations, as well as the rate of their damping. The simplest way to do that is to use the energy balance
where W d denotes the rate of viscous dissipation, and E is the total energy of the system, given by
E k being the kinetic energy of the plate, in the framework of the approximations considered, it is given by
E g is the potential energy related to gravity, which can be expressed as
Finally, the surface tension energy of the droplet E is given by
where l is the perimeter of the drop free surface ⌫.
We suppose for simplicity that the drop does not wet the plates and the contact angles are equal to . When the Bond number is not large, the free liquid surfaces are circular, and one can express l as per
where r 1 and r 2 are the radii of curvature of the free surfaces.
The geometrical relations between the parameters determining the drop surface read ͓see Fig. 1͑a͔͒ r 1 ϭ y cm Ϫa 0 sin 1ϩcos , r 2 ϭ y cm ϩa 0 sin 1ϩcos . ͑57͒
The cross-sectional area of the drop,
is constant due to mass conservation. Then from ͑55͒-͑58͒ we obtain
where a e is the half-length of the segment CD in the equilibrium state ͓cf. Fig. 1͑a͔͒ . The equilibrium state is determined by the condition
From ͑60͒, ͑58͒ and ͑59͒ we find
which yields a e y e ϭ R 4 . ͑62͒
The dimensionless group R is given by ͑42͒. If we denote the vertical perturbation ϭy cm Ϫy e , ͉͉Ӷy e , then using ͑54͒, ͑59͒ and ͑62͒ in the leading order with respect to we find
͑63͒
Suppose initially that W d ϭ0, in which case, using ͑63͒, we can write the Hamiltonian of our dynamic system in the form
where p and p are the angular and vertical moments of the system. From ͑64͒ we obtain the dynamic equations
The solutions are sought in the form ϭRe͓ 0 exp͑i t ͔͒, ͑69͒
ϭRe͓ 0 exp͑i t ͔͒, ͑70͒
where 0 and 0 are the complex amplitudes of the angular and vertical oscillations, respectively. Substituting ͑69͒ and ͑70͒ in ͑65͒-͑68͒ and using ͑40͒, the frequencies of the angular and vertical oscillations of the system, and , are readily obtained:
where
is the threshold value of the Bond number for the considered case. It follows from ͑72͒ and ͑73͒ that for BoϾBo cr the equilibrium horizontal state is stable and the plate oscillates about it, whereas for BoϽBo cr perturbation of follows an exponential course, the equilibrium horizontal state is unstable, and the upper plate sinks. Bo cr decreases as per Bo cr ϳ1/R as R→ϱ, and the equilibrium states with a e ӷy e are then the most stable.
Using the dimensionless variables of ͑27͒, we transform ͑71͒ and ͑72͒ to the form
where and are rendered dimensionless by T 0 .
We can also account for the viscous effects on the oscillation described above. The dissipation rate in the volume of the drop is given by La e 3 . ͑80͒
The frequencies , and T d depend on a e , and y e .
VI. COMPARISON WITH EXPERIMENT
To verify the above model, an experiment was conducted. The experimental setup included an upper plate and a support with a solder drop between them ͑see Fig. 5͒ . The upper plate of size 2l 0 ϫhϫL was made of aluminum and coated on top with rectangular metallic pads in four layers, in the following downward sequence: Au ͑0.1 m͒, Ni ͑1 m͒, Cu ͑1 m͒, and CrCu ͑1 m͒. The support was made of cooper with a shallow groove on top of it to enhanced the fixation of the drop bottom in the unperturbed state. The width and the length of the groove were Lϭ4 cm, l ϭ0.18 cm, respectively. The solder drop was of 63Sn37Pb alloy. The alloy melts at 183°C, its density ϭ13 g/cm 3 , viscosity ϭ22 g/cm s, and surface tension ϭ400 dyne/ cm ͑as reported by the sodler manufacturer AIM Solder͒. A long, effectively two-dimensional solder drop was formed from small droplets, which merged after dripping on the support. Previously it was demonstrated both theoretically and experimentally 17, 18 that such two-dimensional drops with parallel contact lines can be stable and withstand the capillary instability. Stability of such two-dimensional drops cor-responds to fixed contact lines when the contact angle is less than /2, which was the case in the present experiment in the unperturbed state. Moreover, the bottom of the twodimensional solder drop was submerged in a shallow groove in the support, which enhanced fixation of the parallel contact lines at the groove edge in the unperturbed state.
In the experiment a heating plate served as heating source. The heater touched the support. The support temperature in the vicinity of the drop was measured with a thermocouple.
When the support was heated to the solder melting point, the motion of the left-hand corner of the upper plate was imaged as a function of time. Using these images, the entire motion of the upper plate relative to the support could be reconstructed. Pictures were taken at 2000 fps with an electronic camera ͑MotionScope-Redlake Corporation͒ with the exposure time of 0.004 s. The camera was equipped with 70-180 mm, f/4.5 zoom lens.
Initial conditions were chosen such that only a small perturbation above the equilibrium horizontal state existed at tϭ0.
Two cases were studied. Case ͑i͒ corresponds to QϷ7, CaϷ0.35, and ␤Ϸ0.05. The upper plate dimensions were Lϭ4 cm, and l 0 ϭ0.4 cm, the upper plate mass was m ϭ4.1 g, and the equilibrium position of the center of mass of the upper plate was y cm ϭ0.04 cm, x cm ϭ0 cm; and h 0 ϭ0.04 cm ͓see Fig. 1͑a͔͒ . Case ͑ii͒ corresponds to Q Ϸ0.25, CaϷ0.72, and ␤Ϸ2.9. The upper plate dimensions were Lϭ1.5 cm, and l 0 ϭ0.12 cm, the upper plate mass was mϭ0.1 g, and the equilibrium position of the center of mass of the upper plate was y cm ϭ0.022 cm, and x cm ϭ0 cm.
Two scenarios were considered. In the first, Qу1, Ca р1, which includes case ͑i͒ above, the motion of the upper plate brings it to a near-equilibrium horizontal state ͑see Fig.  6͒ . The experimentally obtained dependence (t) is shown in Fig. 7 . It is clear that here the plate inertia and surface tension forces play the main role in the equilibration process, while the minor viscous effects make for weak dissipation.
The From the inequality T ӷT d it follows that the vertical oscillation is damped almost immediately, and only a few angular oscillations could be detected, since T d ϳT . From  Fig. 7 it is seen that the characteristic time of the angular motion in the experiment was of the order of T ϳ0.02 s. Thus, the value of T estimated in ͑84͒ is of the same order of magnitude as the one found experimentally. The experimental dependence (t) for the second scenario, Qр1, Caу1, which includes case ͑ii͒, is shown in Fig. 8 . From this figure one can see that the characteristic time of stabilization of the angular motion is approximately T ϳ0.01 s. The corresponding numerically obtained dependence is presented in Fig. 3͑c͒ , from which T can be estimated for Boϭ2 as ϳ6h 0 /Ϸ0.0132 s ͓cf. the normalization in Eq. ͑27͔͒, which is in agreement with the experimental result.
VII. CONCLUSION
The evolution of a two-dimensional liquid drop squeezed between two plates, the lower one being horizontal and fixed and the upper one free to move, is studied for different values of the parameters of the plate and the drop. The creeping flow approximation was used. Initial conditions were chosen such that the capillary pressure initially stabilized the upper plate. It was shown that the wetting effect is minor and practically has no effect on the process. Numerical calculations showed that the upper plate can be stabilized in the equilibrium horizontal state parallel to the lower one when the Bond number exceeds some threshold value, which means that the stabilizing moment of the hydrostatic part of the pressure inside the drop is sufficiently large. In the opposite case, when the Bond number is less than the threshold value, the upper plate separates from the drop and sinks. The cause of the instability is related to the horizontal component of the hydrostatic pressure force exerted on the plate by the drop. This force component displaces the drop in the horizontal direction, which can finally result in increase of the angle between the plates. Two main motion scenarios for the upper plate were distinguished. The first can be realized when the weight of the plate exceeds the viscous friction force exerted by the drop. In this regime the vertical oscillation of the upper plate is rapidly stabilized, after which angular stabilization takes place. The opposite scenario is realized when the friction force exceeds the weight of the plate. It was found that increase of the plate mass at fixed parameters of the liquid leads to destabilization, whereas increase of the liquid viscosity facilitates stabilization. For the case of low liquid viscosity, small oscillations of the upper plate about the equilibrium horizontal state were studied analytically, and experimental data were obtained under these conditions. Comparison of the theoretical and experimental results showed reasonable agreement regarding the characteristic time of the angular motion.
